Effect of the spin-orbit interaction on thermodynamic properties of
  liquid uranium by Minakov, D. V. et al.
ar
X
iv
:2
00
5.
05
46
8v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 11
 M
ay
 20
20
Effect of the spin-orbit interaction on thermodynamic properties of liquid uranium
Minakov D.V.,∗ Paramonov M.A.,† and Levashov P.R.‡
Joint Institute for High Temperatures, Izhorskaya 13 bldg 2, Moscow 125412, Russia and
Moscow Institute of Physics and Technology, 9 Institutskiy per., Dolgoprudny, Moscow Region, 141700, Russia
(Dated: May 13, 2020)
We present the first quantum molecular dynamics calculation of zero-pressure isobar of solid and
liquid uranium that account for spin-orbit coupling. We demonstrate that inclusion of spin-orbit
interaction leads to higher degree of the thermal expansion of uranium, especially in the liquid
phase. Full accounting of relativistic effects for valence electrons, particularly spin-orbital splitting
of the 5f band, is substantial for the reproduction of the experimental density of molten uranium at
the melting temperature. Influence of the spin-orbit interaction on the thermodynamic properties
at high temperatures and pressures is also analyzed.
While influence of spin-orbit coupling (SOC) on the
properties of solid uranium is intensively studied us-
ing first-principle methods [1–9] and vigorously dis-
cussed [10, 11], effect on the liquid uranium is still un-
clear. The reason is extreme computational complexity
of such calculations for an unordered phase that requires
taking into account dynamics of the atoms. Quantum
molecular dynamics (QMD) simulation of uranium is es-
sentially complex due to a large number of valence elec-
trons, and a calculation that account for the spin-orbit
(SO) interaction requires about an order of magnitude
more time than a scalar-relativistic one [12].
It was shown earlier [1] that the SO splitting of the
5f band explains the experimentally observed anoma-
lously high room-temperature thermal expansion of light
actinides, in particular, uranium, neptunium, and pluto-
nium.
In this Letter we demonstrate that SOC is responsi-
ble for the effect of significant increase of pressure for
uranium in the vicinity of melting mostly in the liquid
phase. As a consequence, lower densities along the zero
isobar are predicted by QMD with SOC. Full account-
ing of relativistic effects for valence electrons, especially
SO splitting, is substantial for the reproduction of the
molten uranium density. In Fig. 1 we demonstrate avail-
able data of static [13–18] and dynamic [19–21] experi-
ments on thermal expansion of uranium in the vicinity of
melting as well as results of our QMD calculations of the
zero-pressure isobar with and without SOC of the valence
electrons. As can be seen from the figure, accounting of
SOC provides excellent agreement with data on thermal
expansion of solid uranium. We can also notice discrep-
ancy between calculations with and without SOC as tem-
perature rises. However, the most significant difference is
observed for the calculations in the liquid phase. We have
found out that account of SOC increases pressure in the
system by 7-8 kbar for solid uranium and by more than
10.5 kbar for liquid uranium near melting. Meanwhile,
SOC makes it possible to describe with high accuracy the
relative density of molten uranium at melting tempera-
ture measured in static experiments by Rohr et al. [17]
and Shpil’rain [15]. This value is generally accepted as
a reference density of liquid uranium [22]. However, the
slope of the thermal expansion curve in liquid uranium
is still a subject of debate [23]. As can be seen from
Fig. 1, experimental data on liquid uranium obtained by
different authors are very contradictory. Nevertheless,
the slope of our curve are in excellent agreement with
measurements by Rohr et al. [17], Grosse et al. [16], and
Drottning [18]. Satisfactory agreement is also observed
between our curve and the slope of the isobar dynami-
cally measured using a pulse-heating technique by Shel-
don and Mulford [20].
Thermodynamic properties of solid and liquid ura-
nium are derived from QMD simulations using Vienna
ab initio simulation package (VASP) [24–26]. Calcula-
tions were carried out using finite–temperature density
functional theory (FT-DFT) within the Perdew-Burke-
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FIG. 1. Phase diagram of uranium in the vicinity of melting in
the relative density versus temperature plane. Results of our
QMD calculations of the zero-pressure isobar with account of
SOC are red dots and without SOC are open grey dots. Red
and grey lines are polynomial approximations of liquid state
calculations. Experimental data are from [13–21]. The inset
is a closer look at the melting region.
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FIG. 2. Technique of calculation of the SOC correction to
pressure for a QMD calculation. Blue dots are SOC calcula-
tions for configurations denoted as red dots.
Ernzerhof generalized gradient approximation [27, 28] as
implemented in VASP. The plane-wave basis set was ex-
panded to a cutoff energy Ecut of 500 eV. We employ a
projector augmented wave (PAW) [29, 30] pseudopoten-
tial with 14 valence electrons. Electronic states were cal-
culated at the Baldereschi mean–value point [31] for the
liquid phase and using a 2×2×2 Monkhorst–Pack grid for
the solid phase. The FT-DFT electronic structure calcu-
lations are performed within a collinear formulation of
spin states, in other words, with spin polarization. Su-
percells of 108 atoms for α-U, 128 atoms for γ-U, and
54 atoms for liquid uranium were used for simulations.
The convergence with respect to the number of atoms
and k-point sampling was checked. Finite–temperature
effects on the electrons were taken into account by using
the Fermi–Dirac smearing. The ionic temperature was
controlled by the Nose´-Hoover thermostat [32].
All QMD simulations were performed in the NV T en-
semble, the zero isobar was restored from calculations
along isotherms in the solid phase and along isochors in
the liquid phase using linear regression as described in
our previous works [33, 34]. Since the calculated den-
sity at normal conditions slightly differs from the exper-
imental value, it is reasonable to compare the results of
calculations and measurements in the units of relative
density ρ/ρ0, where ρ0 is a density at normal conditions
(see Fig. 1). In case of QMD ρ0 = 19.386 g/cm
3 and
19.48 g/cm3 for the calculations with and without SOC,
correspondingly.
It should be mentioned, that in the conventional mode
VASP performs a fully relativistic calculation for the
core-electrons and treats valence electrons in a scalar rel-
ativistic approximation [35]. For convenience, we will fur-
ther denote such calculations as “noSOC”. Meanwhile,
SOC may be also switched on for valence electrons.
In VASP, the explicit implementation of SOC is based
on the zeroth-order regular approximation [36] and de-
scribed in detail in [37]. We will designate such calcula-
tions as “SOC”.
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FIG. 3. Spectroscopic experimental data and electronic DOS
from QMD simulations. (a)—experiments [38, 39]; (b)—
QMD DOS for α-U at T = 300 K and ρ = 19.54 g/cm3;
(c)—QMD DOS for liquid U at T = 2500 K and ρ =
17 g/cm3; (d)—QMD DOS for liquid U at T = 7000 K and
ρ = 10 g/cm3. All energies with respect to the Fermi level.
Since QMD simulation with SOC is tremendously
time–consuming and memory demanding we have devel-
oped and applied a special correction technique. Our
calculation method consists of the following steps: 1)
we perform a QMD simulation at a given temperature
and density with spin polarization; 2) we choose several
configurations on the trajectory and perform full rela-
tivistic calculations (SOC) for the chosen configurations;
3) we retrieve the pressure/energy difference between the
SOC and noSOC calculations for each configuration; 4)
we determine the correction to the QMD-calculated pres-
sure/energy by averaging the differences for dozens of
configurations. The approach is schematically shown in
Fig. 2 for pressure evolution. We usually perform no less
than 20 SOC calculations for each QMD run. We have
checked statistical significance by carrying out more than
100 SOC calculations for several long simulations. Our
analysis shows that SOC corrections to pressure and en-
ergy are described well by the normal distribution and
averaging over 20 configurations provides a mean value
that agree with averaging over 100 configurations within
the standard error.
In order to understand the reason for significant effect
of the SO interaction on the thermal expansion of solid
and liquid uranium we analyze the electronic density of
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FIG. 4. Pressure difference between SOC and noSOC static
FT-DFT calculations as a function of electron temperature
for different lattices and densities.
states (DOS). DOS restored from QMD simulations for
solid uranium at T = 300 K and ρ = 19.54 g/cm3 is
shown in Fig. 3(b), and for liquid uranium at T = 2500
and T = 7000 K in Fig. 3(c) and Fig. 3(d), respectively.
Smooth curves were obtained by averaging over QMD
snapshots and applying a Gaussian smearing of 0.1 eV
to the band energies. Experimental data [38, 39] are also
shown in Fig. 3(a). X-ray photoemission spectroscopy
(XPS) [38, 40, 41] revealed spin-orbit splitting of the U
6p core-states (9.5 eV). Bremsstrahlung isochromat spec-
troscopy (BIS) allowed to investigate the electronic DOS
above the Fermi level and revealed the SO splitting of
5f states with a separation of 1.15 eV [39]. As can be
seen from the figure, both effects of splitting of 6p and
5f states, as well as the valence band spectrum near the
Fermi level obtained by ultraviolet photoemission spec-
trosopy (UPS) [38], are described very well by our QMD-
SOC calculations. The splitting remains at higher tem-
peratures and lower densities.
We investigate the influence of SOC during the thermal
excitation of valence electrons more precisely using static
DFT calculations. In this case we calculate the pressure
difference between SOC and noSOC calculations for 3
different crystal lattices: α-U, γ-U (bcc), and fcc. Fcc
is a close-packed structure with high coordination num-
ber (12), which is close to our estimate of the first co-
ordination number of uranium liquid near melting (14).
Densities are chosen to correspond to α, γ, and liquid
phases of U from QMD calculations, respectively. Static
calculations were performed with a higher energy con-
vergence criterion for the electronic loop (10−7 eV) and
finer k-point grid (15×15×15). Figure 4 shows that the
pressure difference between SOC and noSOC calculations
has an explicit maximum in the range of 2–3 kK for all
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FIG. 5. Total and 6d and 5f partial DOS in α-U at ρ =
19.48 g/cm3 from static FT-DFT calculation. All energies
with respect to the Fermi level. The inset shows occupied
DOS in the vicinity of the Fermi level from SOC and noSOC
calculations as thin red and blue lines, respectively.
considered lattices. We note here that the peak is sig-
nificantly higher for the fcc lattice. We also present the
total and partial electronic DOS for α-U from static DFT
calculation in Fig. 5 to study the effect of thermal excita-
tion of valence electrons in more detail. It can be clearly
seen that the SO splitting of 5f states is responsible for
the redistribution of electronic states from higher ener-
gies closer to the region of the Fermi level. We demon-
strate the occupied states at 3 kK in the inset in Fig. 5.
For convenience we fill the area where the occupied DOS
from the SOC calculation is above (below) the one from
the noSOC calculation with red (blue). Apparently, the
SO splitting leads to a higher electron occupancy in the
vicinity of the Fermi level and above, which in turn re-
sults in higher electronic pressure in a certain tempera-
ture range compared to noSOC calculation. At higher
temperatures the occupancies of the excited electrons for
energies above 1 eV is lower in SOC calculations than in
noSOC ones due to the gap between the shoulders of the
split 5f band, so the opposite effect of negative pressure
difference is observed.
As can be seen from Fig. 4 the effect of the spin-orbit
interaction on pressure depends not only upon temper-
ature but structure as well, and it may be stronger for
denser-packed structures. This cumulative effect seems
to be able to explain noticeably more intensive influence
of SOC on thermal expansion of liquid uranium than that
of solid in the vicinity of melting, as well as further di-
minishing of the discrepancy between SOC and noSOC
calculations at higher temperatures.
In order to provide a broader picture of the influence
of the SO interaction on the thermodynamic properties
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FIG. 6. QMD-calculated pressure with respect to tempera-
ture along isochors for liquid uranium. Open black dots are
results of QMD simulations with SOC corrections to pres-
sure, solid black dots are results without corrections. Solid
and dashed lines are linear fits for isochors from SOC and
noSOC calculations, respectively. Color contour map indi-
cates smoothed values of SOC corrections to pressure.
of liquid uranium at higher temperature and pressure, we
present the dependence of the pressure difference between
QMD SOC and noSOC calculations upon temperature
along the set of isochors in Fig. 6. The color contour
map illustrates a complex effect of pressure and temper-
ature. Nevertheless, it is consistent with our previous
static DFT analysis in general. Interestingly, there is an
area of the maximum impact of the SOC near the melt-
ing line at low pressures. On the other hand for higher
temperatures influence of the SOC becomes stronger as
pressure rises.
In conclusion, this study demonstrates, for the first
time, that relativistic effects have substantial impact on
thermodynamic properties of liquid uranium, especially
on density at the melting point. The reason is the SO
splitting of the 5f band and the thermal excitation of
valence electrons. We have analyzed the influence of the
SOC on the thermodynamic properties of liquid uranium
at high temperatures and pressures and revealed param-
eters where the effect of SOC can be neglected. Finally,
this study become possible due to the technique of QMD
simulation with account of SOC that was developed and
successfully applied in this Letter.
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